A comprehensive study of the exploitation of (S)-trans-γ-monocyclofarnesol as a useful chiral building block for the stereoselective synthesis of natural diterpene derivatives is here described. The farnesol derivative (+)-1 was used as starting material in the preparation of the diterpenes (S)-dehydroambliol-A and (S)-trixagol, as well as for the syntheses of the dinorditerpene (S)-dinortrixagone and of the guanidine-interrupted terpenoid (S)-dotofide. Key steps of the presented syntheses were the cross-coupling between an allyl acetate and a Grignard reagent, the Wittig reaction, the selective preparation of a diacylguanidine derivative and the alkylation of a sulfone derivative, followed by the reductive removal of the same functional group. It is worth noting that the natural products (+)-8, (+)-12 and (+)-15 were prepared stereoselectively for the first time, thus allowing the unambiguous assignment of their absolute configuration.
The sesquiterpene trans-γ-monocyclofarnesol 1 (Figure 1 ) is quite a rare compound which occurs in nature only as the (S)-(+)enantiomer [1, 2] . In spite of this, the general monocyclofarnesyl framework of 1 is shared by a large number of diterpenes and diterpenoids having remarkable biological activities [3] [4] [5] [6] [7] [8] [9] [10] . This kind of compound is not easily prepared, especially in enantioenriched form, thus greatly increasing the interest for new synthetic methods that could give access to these natural products and their derivatives.
In view of this, we have recently developed a practical, enantioselective synthesis of (S)-(+)-1 [11] . Our approach is based on the chemo-enzymatic transformation of the racemic ionone into derivative (+)-2 [12] , which was used as a chiral building block for the preparation of (+)-1. To this end we used different stereoselective transformations which allowed us to obtain (S)-(+)-1 in good isomeric purity (96% ee, 98% isomeric purity). Now, we report a study on the exploitation of the aforementioned compound as a valuable starting material for the preparation of many natural compounds.
We focused our attention on three different kinds of reactions that we selected both on the basis of the chemical structures of the prospective synthetic targets and on the reactivity of 1 itself. First of all, we took advantage of the proneness of the allyl derivatives of type 3 to give nucleophilic substitution reactions at C(1). More specifically, it has already been demonstrated that these kinds of compound are able to react with different organometallic reagents in the presence of transition metal catalysts to give substitution reactions (S N 2) without any appreciable double bond isomerization [13] . In this context, we regarded the acetate 6 as a stable and easily prepared derivative of 1, which can be homologated to different diterpene derivatives by means of these cross-coupling reactions ( Figure 2 ). In order to find a pattern procedure for this kind of transformation, as well as to confirm its effectiveness, we devised the stereoselective preparation of dehydroambliol-A (8), a furanoditerpene extracted from the marine sponge Dysidea amblia [4] . This natural product is a target of high synthetic interest, since neither its regiospecific preparation nor its enantioselective synthesis has been described so far.
Accordingly, we selected the copper-catalyzed cross coupling of acetate 6 with Grignard reagent 7 as a method of choice for building-up the chemical framework of the latter diterpene. Compound 7 was prepared starting from 3-furoic acid according to a well-established procedure [14] , whereas ester 6 was obtained by reaction of 1 with acetic anhydride in pyridine. The following coupling reaction of 6 with 7 was performed in THF solution at -20 °C and was catalyzed by Li 2 CuCl 4 to give dehydroambliol A (+)-8 in good yield and with almost complete regioselectivity.
A similar approach was used for the preparation of the meroterpenoid, (S)-metachromin V (+)-10 [15] , which was obtained by Li 2 CuCl 4 catalyzed coupling of acetate 6 with Grignard reagent 9. A relevant difference between the two aforementioned reactions lies in the fact that they involved a sp 3 -sp 3 and a sp 3 -sp 2 coupling, respectively. Consequently, a large range of Grignard reagents could be used in the presented synthetic approach, greatly expanding the versatility of this kind of reaction and thus the relevance of 6 as a synthetic building block.
It is worth noting that the recorded NMR data of (+)-8 (see experimental section) are in good agreement with those reported both for the natural products and for the synthetic (E)-isomer. In spite of this, we measured an optical rotation value of +13.8 (c = 3, CHCl 3 ) for pure (S)-(+)-8 (95% diastereoisomeric purity), whereas Faulkner et al. [4] assigned the same absolute configuration to the dehydroambliol-A extracted from the sponge, which had an optical rotation of [α] D -1.3 (c = 1.8, CHCl 3 ). Although we cannot exclude a priori the possibility of a wrong configuration assignment, we regard the indication of the (S) configuration of dehydroambliol-A as a reasonable assumption. Indeed, (S)-ambliol-A, which is most likely the direct precursor of the dehydroderivative, is also present in the same sponge. A sensible explanation of this quite puzzling result could be given taking into account that usually the -isomers of both the ionone and the cyclofarnesyl derivatives show much higher optical rotation values and the opposite sign than their corresponding γ-isomers [11, 12, 16] . It is thus possible that compound 8 extracted from the sponge could contain a minor amount of the -isomer, yet able to invert the sign of optical rotation.
A second application of trans-γ-monocyclofarnesol (+)-1 is based on the oxidation of the alcohol functional group to give derivatives of type 4. Reaction of (S)-(+)-1 with MnO 2 in refluxing CH 2 Cl 2 afforded aldehyde (+)-11 in almost quantitative yield and without concomitant rearrangement of the conjugated double bond ( Figure  3 ). The latter aldehyde was treated with an excess of triphenylphosphoranylidene-2-propanone in refluxing toluene to give (S)-dinortrixagone (+)-12 as a pure (E)-(E)-stereoisomer. This dinorditerpene was isolated more than thirty years ago from the plant Bellardia trixago [5] , but its stereoselective synthesis has not been reported to date. Comparison of the analytical data of the synthetic (S)-(+)-12 with those reported for the natural compound confirm both the chemical structure and the absolute stereochemistry previously assigned. The aldehyde (+)-11 was also used as starting material for the synthesis of the guanidine-interrupted terpenoid (S)-dotofide [10] , a very unusual diacylguanidine derivative [17] extracted from the nudibranch Doto pinnatifida. The aforementioned aldehyde was oxidised by means of NaClO 2 in the presence of 2-methylbutene [18] to give acid (+)-13 in very good yield. Activation of the acid functional group through reaction with CDI in DMF, followed by addition of a large excess of guanidine [19] , afforded derivative 14.
3,3-Dimethyl acrylic acid was activated with Mukaiyama reagent [20] (2-chloro-1-methylpyridinium iodide) and the resulting adduct was treated with a slight excess of the latter monoacyl guanidine 14, in the presence of DIEA [21] . The resulting diacyl guanidine derivative (+)-15 was isolated from the reaction mixture by accurate chromatographic separation, in moderate yield, and as a single isomeric form.
The obtained (S)-dotofide showed NMR data identical to those reported for the natural terpenoid, thus confirming the chemical framework previously allotted. We measured an optical rotation value of + 5.1 (c 1.5, MeOH) for the synthetic (S)-15, whereas König et al. [10] assigned the same absolute configuration to the dotofide extracted from a marine slug and having [α] D -3.6 (c 0.14, MeOH). The latter authors chemically correlated the natural 15 with the known (S)-3,3-dimethyl-2-(3-oxobutyl)cyclohexanone. Since our chiral building block is unambiguously of (S) absolute configuration and the existing stereocentre was unaffected by the chemical transformations, the only reason for this discrepancy lies again in the possible presence of isomeric impurity of -isomers, which are able to invert the sign of optical rotation and which are difficult to detect in a few milligrams of natural extract.
A third application of trans-γ-monocyclofarnesol (1) is based on the umpolung of the reactivity at the C(1) carbon atom. We found that a simple and reliable way to achieve this goal consisted in the transformation of the hydroxyl group into an arylsolfonyl group to give derivatives of type 5. Accordingly, the reaction of 1 with diphenyl disulfide and tributyl phosphine in pyridine [22] afforded phenyl sulfide (+)-16 in almost quantitative yield ( Figure 4 ). The following (NH 4 ) 2 MoO 4 catalyzed oxidation [23] of the sulfide functional group with hydrogen peroxide in H 2 O/methanol afforded selectively the phenylsolfonyl derivative (+)-17 in very good yield. The latter compound reacts readily with BuLi at low temperature to give the related α-phenylsolfonyl lithium salt, which can be alkylated by different electrophiles. In order to exploit this kind of transformation for terpenes synthesis, we selected the diterpene trixagol as the pattern target. This compound was isolated as the (S)-(+)-enantiomer from the plant Bellardia trixago [3] and its absolute configuration was unambiguously assigned both by chemical correlation [3] and stereoselective synthesis [24] .
We present here a new synthetic approach to (S)-(+)-trixagol (23) based on the coupling of the C 15 moiety of (+)-17 with the C 5 moiety of the bromide 20. The latter compound was prepared from prenyl alcohol 18 through the regioselective functionalization of its chemical framework. First of all, the hydroxyl functional group was protected as the TBDPS ether and the (E)-methyl was oxidized by means of tBuOOH in the presence of catalytic SeO 2 [25] . The obtained alcohol 19 was converted into the corresponding tosylate, which gave the desired bromide 20 through reaction with LiBr in THF. As expected, the last compound was efficiently alkylated by the lithium salt of the sulfone (+)-17 to give the derivative 21 as an equimolar mixture of diastereoisomers. The reductive removal of the phenylsolfonyl group was performed using LiEt 3 BH in presence of catalytic PdCl 2 (dppp) [26] . This experimental protocol allowed us to obtain (+)-22 in single isomeric form, without any isomerization of the double bonds. The following deprotection of the silyl ether functional group was achieved using TBAF in THF to give pure (S)-trixagol (+)-23 having both NMR data and optical rotation value consistent with those recorded for the natural product [3] .
In conclusion, we report a comprehensive study on the exploitation of (S)-trans-γ-monocyclofarnesol (+)-1 as a useful chiral building block for the stereoselective synthesis of natural diterpene derivatives. Three different synthetic approaches have been investigated. All of them rely on the chemical reactivity at C(1) of the sesquiterpene (+)-1. The first one is based on S N 2 substitution and allowed us to prepare the diterpene dehydroambliol-A (+)-8 and the meroterpenoid (S)-metachromin V (+)-10. The second approach depends on the oxidation of (+)-1 and then the exploitation of the reactivity of either the carbonyl or carboxyl functional group through Wittig or condensation reactions, respectively. By these means, the dinorditerpene (S)-dinortrixagone (+)-12 and the terpenoid (S)-dotofide (+)-15 were prepared. Lastly, the umpolung of the reactivity at the C(1) carbon atom allowed us to achieve a formal C 5 homologation of (+)-1, as exemplified through the accomplishment of (S)-trixagol (+)-23 synthesis.
It is worthy to note that all the target compounds were obtained stereoselectively, in high enantiomeric purity, and in good overall yields. The proposed synthetic approaches compare favorably with the previously reported methods, whilst dinortrixagone (+)-12 and (S)-dotofide (+)-15 were prepared for the first time and their natural occurrence was confirmed.
As a final point, the enantiospecific preparation of (S)dehydroambliol-A (+)-8 and of (S)-dotofide (+)-15 allowed the unambiguous assignments of their absolute configuration and raised some doubts on the isomeric purity of the compounds extracted from the marine environment.
Experimental
General: All moisture-sensitive reactions were carried out under a static atmosphere of nitrogen. All reagents were of commercial quality with the exception of 3-(chloromethyl)furan, which was prepared starting from commercial furan- (S)-Trans-γ-Monocyclofarnesol (+)-1: 98% chemical purity, 96% ee, γ/α isomeric ratio 98:2; [α] D : +10.3 (c 2, CHCl 3 ) was obtained according to our previously reported procedure [11] .
(S)-Trans-γ-Monocyclofarnesol acetate (6) : Alcohol (+)-1 (0.6 g, 2.7 mmol) was dissolved in pyridine (2 mL) and acetic anhydride (2 mL). The obtained mixture was set aside for 3 h. The reaction mixture was concentrated in a rotary evaporator and then dried for 1 h further in high vacuum. The residue (0.68 g. 95% yield) consisted of almost pure (S)-trans-γ-monocyclofarnesol acetate (6) . (10 mL). After the exothermic reaction settled down, the mixture was stirred at 50°C for a further 1 h. The obtained Grignard reagent was added dropwise, under a static atmosphere of nitrogen, to a cooled (20°C) mixture of the acetate 6 (1.1 g, 4.2 mmol) in dry THF (10 mL) to which had been previously added Li 2 Cu 2 Cl 4 (0.5 mL of a 0.5 M solution in THF). After stirring for 2 h, the reaction was left to reach rt, stirred at this temperature for a further 3 h and then poured into an ice-cooled mixture of diethyl ether (100 mL) and saturated aqueous NH 4 Cl (100 mL). The organic phase was separated, dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was purified by chromatography using n-hexane/diethyl ether (99:1--9:1) as eluent to afford pure dehydroambliol-A (8) 13 
(S)-(E)-5-(2,2-Dimethyl-6-methylenecyclohexyl)-3-methyl-N-((E)-N'-(3-methylbut-2-enoyl)carbamimidoyl)pent-2-enamide (+)-15 (dotofide):
A solution of guanidine hydrochloride (0.4 g, 4.2 mmol) in dry DMF/dioxane (1:1, 10 mL) was treated with potassium tert-butoxide (0.47 g, 4.2 mmol) under a static atmosphere of nitrogen. The obtained heterogeneous mixture was stirred at 50°C for 1 h and then cooled to rt. Separately, CDI (0.4 g, 2.5 mmol) was added portionwise at rt to a stirred solution of acid (+)-13 (0.5 g, 2.1 mmol) in dry DMF (10 mL). The obtained clear solution was stirred for a further hour and then was added, dropwise, to the previously described guanidine solution. The reaction was stirred at rt for a further 8 h and then quenched by addition of cool water (0 °C, 40 mL) followed by extraction with EtOAc (60 mL). The aqueous phase was extracted again with EtOAc (2 x 60 mL) and the combined organic phases were washed with brine, dried (Na 2 SO 4 ) and concentrated in vacuo. The residue consisted of almost pure guanidine derivative 14 (by NMR analysis) contaminated with residual solvents and was used as such in the next step.
2-Chloro-1-methylpyridinium iodide (0.65 g, 2.5 mmol) was added to a stirred solution of 3,3-dimethylacrylic acid (0.2 g, 2 mmol) in N-methylpyrrolidone (10 mL) and the resulting solution was stirred for 30 min at rt and then for 1 h at 50°C. The reaction was cooled to rt and a solution of the above described compound 14 in N-methylpyrrolidone (5 mL) and DIEA (1.5 mL, 8.6 mmol) was added in one portion. The obtained mixture was stirred for a further 12 h, and then the reaction was quenched by addition of water (40 mL) and EtOAc (60 mL). The organic layer was separated and the aqueous phase extracted with EtOAc (100 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ) and concentrated under reduced pressure. The residue was purified by chromatography using n-hexane/diethyl ether (95:5-9:1) as eluent to afford pure (+)-15 (0.29 g, 40% yield based on the 3,3-dimethylacrylic acid). 7 mmol) and diphenyl disulfide (1.2 g, 5.5 mmol) in dry pyridine (5 mL) at 0°C. After the addition was complete the reaction was stirred at rt for a further 2 h, then diluted with diethyl ether (100 mL) and quenched with water (50 mL). The organic phase was washed with 10% NaOH (2 x 30 mL) and brine, then dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was purified by chromatography using n-hexane/diethyl ether (95:5-9:1) as eluent to afford pure (+)-16 (0.77 g, 91% yield). The reaction was then quenched by the addition of a saturated solution of NaHCO 3 (150 mL) and extracted with diethyl ether (2 x 100 mL). The combined organic phases were dried and concentrated under reduced pressure. The residue was chromatographed using n-hexane/diethyl ether (95:5-9:1) as eluent and the obtained silyl ether (17.7 g, 54.6 mmol, 94% yield) was dissolved in CH 2 Cl 2 (50 mL) and added, dropwise, to a stirred solution of SeO 2 (0.5 g, 4.5 mmol) and 70% t-BuOOH in water (18 g, 140 mmol) in CH 2 Cl 2 (100 mL) at r.t. After 60 h, the mixture was concentrated under reduced pressure below 30°C. Diethyl ether (300 mL) was added, and the organic phase was washed with 10% KOH (2 x 30 mL), water (100 mL), and brine, dried (Na 2 SO 4 ) and concentrated in vacuo. The crude product was purified by chromatography using n-hexane/diethyl ether (95:5-8:2) as eluent to afford alcohol 19 (8.9 g, 26.2 mmol) and the corresponding aldehyde (over-oxidation side product, 3.3 g, 9.8 mmol). The reduction of the latter aldehyde (MeOH, NaBH 4 at 0°C) gave further alcohol 19 (3.2 g, 9.4 mmol) corresponding to a 65% overall yield of 19. 
(E)-1-tert-Butyldiphenylsilyloxy-4-bromo-3-methylbut-2-ene 20:
Tosyl chloride (3.4 g, 17.9 mmol) in CH 2 Cl 2 (10 mL) was added dropwise to a stirred mixture of the alcohol 19 (4 g, 11.8 mmol), DMAP (0.1 g, 0.8 mmol), pyridine (4 mL) and CH 2 Cl 2 (10 mL) at 10°C. After complete formation of the tosylate (2 h, TLC analysis), the reaction was poured into a mixture of diethyl ether (100 mL) and saturated aqueous NaHCO 3 (100 mL). The organic phase was separated and the aqueous phase was extracted with further diethyl ether (50 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ) and concentrated in vacuo below 30°C. The residue was dissolved in dry THF (50 mL) and LiBr (9 g, 104 mmol) was added portionwise stirring at 0°C for 4 h. The reaction was poured into a mixture of diethyl ether (100 mL) and water (100 mL). The organic phase was separated and the aqueous phase was extracted with further diethyl ether (100 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ) and concentrated under reduced pressure. The residue was purified by Butyldiphenylsilyloxy((2E,6E)-9-((S)-2,2-dimethyl-6methylenecyclohexyl)-3,7-dimethylnona-2,6-diene) (+)-22: BuLi (0.9 mL of a 2.5 M solution in hexane) was added dropwise under nitrogen to a cooled (50°C) solution of sulfone (+)-17 (0.62 g, 1.79 mmol) in dry THF (10 mL). The resulting orange solution was stirred at this temperature for 30 min and then a solution of bromide 20 (1.1 g, 2.73 mmol) in dry THF (2 mL) was added dropwise. The reaction was left to reach rt and after 2 h at this temperature it was quenched by addition of a saturated solution of NH 4 Cl aq. (50 mL). The resulting mixture was extracted with CH 2 Cl 2 (3 x 60 mL) and the organic phase was dried (Na 2 SO 4 ) and concentrated in vacuo. The crude product was purified by chromatography using n-hexane/EtOAc (99:1-95:5) as eluent to afford pure sulfone 21 (0.73 g, 61% yield) as a 1:1 mixture of diastereoisomers.
tert-
All the aforementioned compound 21 (1.09 mmol) and Pd(dppp)Cl 2 (35 mg, 0.06 mmol) were dissolved in dry THF (20 mL) and the resulting solution was cooled to 0°C. LiEt 3 BH (3.3 mL of a 1 M solution in THF) was added dropwise under nitrogen and the mixture was stirred at this temperature for 1 h and at rt for a further 5 h. The reaction was then quenched by addition of NaOH aq. (30 mL of a 1 M solution), followed by extraction with diethyl ether (2 x 70 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ) and concentrated under reduced pressure. The residue was purified by chromatography using n-hexane/diethyl ether (99:1-95:5) as eluent to afford pure silyl ether (+)-22 (0.37 g, 64% yield). 
Supplementary data:
Copies of the 13 C NMR spectra of dehydroambliol-A (8), dinortrixagone (12), dotofide (15) and trixagol (23) are available. Experimental procedures and NMR data of (S)-metachromin V (+)-10 are described in reference [15] .
